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Abstract

Many potential applications of porous silicon nanowires (SINWs) fabricated with metal-assisted chemical etching are
highly dependent on the precise control of morphology for device optimization. However, the effects of key
etching parameters, such as the amount of deposited metal catalyst, HF—oxidant molar ratio (x), and solvent
concentration, on the morphology and etching kinetics of the SiINWs still have not been fully explored. Here, the
changes in the nanostructure and etch rate of degenerately doped p-type silicon in a HF-H,0,-H,0 etching
system with electrolessly deposited silver catalyst are systematically investigated. The surface morphology is found
to evolve from a microporous and cratered structure to a uniform array of SiNWs at sufficiently high x values. The
etch rates at the nanostructure base and tip are correlated with the primary etching induced by Ag and the
secondary etching induced by metal ions and diffused holes, respectively. The H,O concentration also affects the x
window where SINWs form and the etch rates, mainly by modulating the reactant dilution and diffusion rate. By
controlling the secondary etching and reactant diffusion via x and H,O concentration, respectively, the fabrication
of highly doped SiNWs with independent control of porosity from length is successfully demonstrated, which can
be potentially utilized to improve the performance of SINW-based devices.
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Background

Despite research breakthroughs on various novel materials,
silicon remains one of the most attractive substrates for
fabricating nanostructures because of its abundance in
nature and the existence of well-developed techniques for
device integration. In recent years, one-dimensional silicon
nanostructures, such as silicon nanowires (SiNWs) and
nanopillars, have continued to attract attention in a wide
range of applications, such as photovoltaics [1, 2], thermo-
electrics 3, 4], energy storage [5-7], flexible electronics [8],
biochemical sensing [9], and biological interfacing [10].
Aside from the unique electrical, optical, thermal, and

* Correspondence: leanne.chan@cityu.edu.hk; johnnyho@cityu.edu.hk
'Department of Electronic Engineering, City University of Hong Kong,
Kowloon, Hong Kong

’Department of Physics and Materials Science, City University of Hong Kong,
Kowloon, Hong Kong

Full list of author information is available at the end of the article

@ Springer Open

mechanical properties of such nanostructures, a main
driver for their sustained appeal is the development of
novel fabrication techniques that allow facile formation of
the nanostructures while maintaining excellent control
over morphology and physical properties. Among the vari-
ous fabrication techniques, metal-assisted chemical etching
(MACE) stands out from an industrial viewpoint because
of its simplicity, low cost, and flexibility [11, 12]. Using
MACE, wafer-scale, defect-free SINW's with defined length,
porosity, conductivity, doping level, and crystal orientation
can be obtained by simply selecting the appropriate Si
wafer, etchant composition, reaction temperature, and
reaction time [13-23]. Control of SINW diameter, cross
section, and array pitch can also be achieved through
catalyst-patterning techniques, such as nanosphere lith-
ography [24], interference lithography [25], and block
co-polymer lithography [26]. This is in contrast with
other fabrication techniques, such as reactive ion
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etching and vapor-liquid—solid methods, which require
expensive equipment and may produce nanowires with
surface defects, uncontrolled crystallographic orientations,
and limited cross-sectional shapes [11].

In the past decade, fabrication of SiNWs from highly
doped Si wafers using MACE has been of particular inter-
est because of the resulting porous SINWs with high crys-
talline quality [14, 17, 19]. The porous structure allows the
nanowires to acquire highly desirable properties, such as
tunable photoluminescence [15], low thermal conductivity
[27], and high specific surface area [28], making them
promising materials for optoelectronics [14, 16], thermo-
electrics [3, 27], photocatalysis [28, 29], and energy storage
[5]. In combination with their photoluminescence and
high surface area, the biocompatibility and biodegradabil-
ity of porous SiNWs in physiological environments also
make them suitable candidates for biolabeling [15] and
drug delivery applications [30]. Although relatively porous
SiNWs can be obtained with low-doped Si wafers by
utilizing high oxidant concentrations in the etchant [15],
the use of highly doped Si is advantageous where high
electrical conductivity is necessary as it obviates the
need for a post-etch doping step. This is especially
true in thermoelectric applications of porous SiNWs
where the boost in the figure of merit is due to the
decrease in thermal conductivity without significant
degradation of electrical conductivity [27]. On the
other hand, it has been reported that the resistance of
porous SiNWs is rather large compared to that of
solid SiNWs [14], implying a tradeoff between degree
of porosity and electrical conductivity.

In order to realize the potential of porous SiNWs
in the abovementioned applications, it is imperative
to fully understand the effects of various etching
parameters during MACE of highly doped Si. A
number of studies [13-17, 19-21, 23] have success-
fully fabricated highly doped SiNWs with different
lengths and porosities using MACE in HF-H,O, etchant.
Their investigations have shed light on the effect of H,O,
concentration [14-17, 20, 21, 23], HF concentration [21],
HF-H,O, volume ratio [19], etch duration [14, 16, 17,
19-21, 23], and etch temperature [19-21, 23] on the
porosity [14, 16, 17, 19, 20], length [16, 17, 19-21, 23],
etch rate [15], and overall morphology [15, 16, 21] of the
SINW arrays. Nevertheless, systematic studies on the ef-
fect of etchant HF—H,O, molar ratio, defined as y = [HF]/
([HF] + [H50,]), and H,O concentration on the formation
of highly doped Si nanostructures are limited. This is des-
pite the fact that y is a key parameter in determining the
morphology and etch rate of Si nanostructures [18, 31],
while [H,O] is pivotal in the formation of SiNWs in
micro-patterned areas [18]. To date, only Chiappini et al.
[15] and Balasundaram et al. [19] have utilized a wide
range of y values (0.4—0.98 and 0.7-0.99, respectively) in
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the fabrication of highly doped SiNWs, while none have
fully explored the effect of etchant [H,O]. Furthermore,
despite a number of studies elucidating the mechanism
for the morphological evolution, porosification, and taper-
ing of both lightly and highly doped SiNWs fabricated
with MACE [15, 17, 32], the mechanism of length evolu-
tion due to the competing effects of deposited metal etch-
ing, re-nucleated metal etching, hole diffusion, and
reactant diffusion has not been fully investigated. In this
study, two-step MACE [33] on degenerately doped p-type
Si wafers using electrolessly deposited Ag catalyst and
H,0, oxidant was performed. Compared with MACE
using patterned Au catalyst, electroless deposition can
form only randomly distributed SINWs with varied diame-
ters [13], while Ag may limit the achievable SINW aspect
ratios due to its faster dissolution than Au [11]. Neverthe-
less, the use of electroless deposition and Ag catalyst in
MACE is considered to be the simplest and cheapest way
of forming Si nanostructures, including SiNWs. In order
to explore the effects of etchant composition on the
resulting nanostructures and etch rates, etchants with a
relatively wide range of xy and [H,O] values were uti-
lized. By determining the etching kinetics at the tip and
base of the Si nanostructures, insight on the effects of
hole injection and Si dissolution rates, secondary etching
induced by dissolved metal ions and diffused holes, and
diffusion rate of reactants on the resulting morphology
and length of the nanostructures is provided. Highly
doped SiNWs of the same lengths were also fabricated
using etchants composed of different y and [H,O] values,
thereby showing that porosity can be effectively tuned by
etchant composition despite varying etching durations.

Methods

Single-side polished boron-doped p-type Si (100) wafers
with a resistivity of 0.001-0.005 Q2 cm and a 50-nm ther-
mal oxide layer on the polished side were used as the
starting material. The wafers were thoroughly cleaned
with deionized (DI) water, acetone, and ethanol, and the
thermal oxide was stripped off with dilute HF, resulting
in H-terminated Si surfaces. To confine etching on the
polished Si surface, the backside of the Si wafers were
coated with photoresist (AZ5214). Si samples for the
MACE experiments were obtained by cleaving the
wafers into 1 x 1 cm” pieces. Si samples from the same
wafer were used for each set of experiments.

MACE was carried out using a two-step etching process
consisting of electroless deposition of Ag catalyst and then
etching in HF-H,0, solutions, as shown schematically in
Fig. 1. The Si pieces were first immersed in 5% HF for
3 min. Electroless deposition of Ag nanoparticles (AgNPs)
on the Si substrate was then performed in an aqueous
solution containing 4.8 M HF and 0.005 M AgNOj; for
different time durations (Fig. 1a). After mild rinsing with DI
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Fig. 1 Schematic cross-sectional view of the fabrication of Si nanostructures using two-step MACE. a In the first step, AgNPs are electrolessly
deposited on the Si surface in an aqueous solution containing AgNO; and HF. b In the second step, the AgNPs catalyze the etching of the Si
substrate in a solution composed of HF, H,O,, and H,0, leading to the formation of Si nanostructures

HF/H,0,/H,0

water, the AgNP-coated Si samples were etched in aqueous
HF-H,0, solutions with different y and [H,O] values (see
Additional file 1: Table S1) for different lengths of time
(Fig. 1b). The etched Si samples were thoroughly rinsed
with DI water and then immersed in 1:1 (v/v) HNO; for
10 min to dissolve the AgNPs. After another thorough DI
water rinse, the Si samples were soaked in 5% HF for 3 min
to remove any formed oxide layer and then rinsed again
with DI water multiple times. Ag deposition and HF—-H,0O,
etching were performed in the dark. All samples were proc-
essed at room temperature (22-23 °C) in separate plastic
beakers containing 15 ml of the required solution.

The etched Si surfaces were characterized by scanning
electron microscopy (SEM, Phenom Pro or FEI/Philips
XL-30) and transmission electron microscopy (TEM,
Philips CM20). To prepare the samples for SEM observa-
tion, the photoresist at the backside was removed by
acetone. The Si samples were then rinsed with ethanol
and dried on a hotplate to minimize SINW agglomeration
due to water evaporation [19].

Results and Discussion

Silver Catalyst Deposition and Formation of Porous SiNWs
The effect of Ag deposition duration (10 s to 15 min) in
a solution of 0.005 M AgNO; and 4.8 M HF on the
formation of highly doped SiNWs was investigated.
When the Ag-loaded samples were etched in a solution
containing 4.8 M H,O and y=0.95 for 30 min, short
deposition times (<2 min) resulted in a dense array of
vertical pores with some lateral pits, as shown in Fig. 2a.
However, the pores were not dense enough to form
well-separated nanowire structures if the deposition time
is <1 min. On the other hand, SiNWs which had almost
no defects were obtained with a Ag deposition time of
4 min (Fig. 2b), with higher deposition times resulting in
pit-free SiNWs. Aside from changes in the SiNW
morphology, a non-monotonic variation in SiNW etch
rate with respect to Ag deposition time was also

observed, as shown in Fig. 2c (diamond symbols). The
SiNW etch rate increased from a deposition time of 10 s
to 4 min but decreased unexpectedly between 4 min and
6 min. Afterwards, the etch rate increased again until
15 min, albeit with relatively lower etch rate values.

In order to account for the peculiar trend in the SINW
etch rate, the etch rates at the tip and base of the SINW's
were also determined from the cross-sectional SEM im-
ages by aligning the micrograph of an etched Si sample
with that of an unetched Si sample from the same wafer
at the backside (see Additional file 1: Figure S1). From
Fig. 2c, it can be seen that the etch rate at the SINW
base (square symbols) monotonically increases with
AgNP deposition time. On the other hand, three
domains can be seen from the trend line of the SINW
tip etch rate (circle symbols): (a) <1 min, where the etch
rate is relatively high; (b) between 1 and 6 min, where
the etch rate is relatively low; and (c) 26 min, where the
etch rate is the highest. Thus, the initial increase in
SiINW etch rate from the deposition time of 10 s to
1 min was due to the constant increase in etch rate at
the base, while the subsequent increase in etch rate at
deposition times of 2 and 4 min was due to the relatively
low etch rates at the tips. Meanwhile, the drop in SINW
etch rate at the deposition time of 6 min and the rela-
tively low etch rates in the succeeding deposition times
were caused by the increase in etch rate at the tips.

Since the surface coverage of AgNPs is directly related
to the Ag deposition time [22, 34, 35], the lateral pitting
for low deposition times can be attributed to a sparse Ag
network [18, 34, 36] with some isolated AgNPs moving
in random <100> directions due to their irregular shape
[37]. The SINW etch rate at the base is expected to
increase with Ag deposition time due to the increase in
the amount of Ag catalyst, which provides more surface
area for hole injection by H,O,. Moreover, a higher
amount of Ag also means more oxidized Ag by H,O,
[15, 17], resulting in a higher concentration of Ag* ions
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Fig. 2 Fabricated SINWs using a Ag deposition solution containing 0.005 M AgNOs and 4.8 M HF and an etchant solution composed of 48 M
H,O and 0.95 HF-H,0, molar ratio. SEM images of the SINWs for Ag deposition times of a 30 s and b 4 min. c Etch rate of the SINWs for
different Ag deposition times. TEM images of the middle section of the SiNWs for Ag deposition times of d 4, e 10, and f 15 showing the degree

that can contribute to Si dissolution via a galvanic
displacement reaction [31]. On the other hand, the
relatively high etch rates at the tips for Ag deposition
times <1 min can be explained by an initial flood lateral
etching caused by irregularly shaped AgNPs from the
sparse Ag network. The subsequent increases in tip etch
rate with increasing Ag deposition time can be attrib-
uted to increasing rates of metal re-nucleation [17, 38]
at the tips and, to a lesser extent, hole diffusion [31, 39].

There was an overall increase in the porosity of the
fabricated SiNWs as the Ag deposition time increased, as
shown in Fig. 2d—f. (See Additional file 1: Figure S2a—c for
supplementary TEM images.) Such increases in porosifica-
tion are expected due to higher concentrations of Ag"
ions, which result in re-nucleated metal and ion-induced
etching [15, 17, 38]. Furthermore, higher rates of hole
injection might have also resulted in more diffused holes,
which can contribute to pore formation [19, 39]. The por-
ous structure of the SINWs appears to occur as a porous
shell in most nanowires, similar to what was observed in
previous studies [14, 17]. For some SiNWs with a Ag de-
position time of 15 min, the sidewalls appear considerably

rougher with relatively large (=20-nm diameter) dark
spots, probably due to larger re-nucleated Ag particles.
However, the porosity distribution is not clear-cut: some
SiNWs with a Ag deposition time of 4 min have almost
the same porosity as that of SINWs with a Ag deposition
time of 10 min; the same can be said of SINWs with Ag
deposition times of 10 and 15 min. This was probably due
to SiNWs obtained from different areas of the sample,
which experienced slightly different porosification rates
depending on the actual amount of deposited (or re-
nucleated) AgNPs and the concentration of unreacted
etchant, which is expected to be higher towards the sides
of the sample. Nevertheless, the general trend observed
here indicates that the overall amount of deposited Ag
provides another degree of freedom in controlling the
porosity of SINWs.

The degree of porosity increases from the base to the
tip of the SINWs (see Additional file 1: Figure S2d-l),
similar to that in previous studies [16, 19]. This is
expected from the longer exposure of the upper regions
of the nanowires to the etchant [19]. On the other hand,
majority of the SiNWs have a tapered longitudinal
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profile, which is characteristic of highly doped SiNWs
fabricated using Ag-MACE due to the continuous dissol-
ution of the AgNPs at the SINW base and re-nucleation
on other sites [15, 17]. Nevertheless, there were a few
SiNWs having a slightly biconic or hourglass profile, i.e.,
the middle cross-section is either larger or smaller,
respectively, than both the top and bottom cross sec-
tions. This suggests that the mobile Ag" ions could be
redepositing not only onto upper sections of nanowires
but also onto neighboring AgNPs at the base.

Etchant Composition and Morphological Evolution of Si
Nanostructures

The morphology of the resulting nanostructures in de-
generately doped Si was determined using y values from
0.7 to 0.99 and H,O concentrations of 46, 48, and 50 M.
Electroless deposition of AgNPs was performed in a
solution of 0.005 AgNO; and 4.8 M HF for 4 min, while
etching in HF—-H,0,—H,O solutions was carried out for
30 min. Figure 3 shows the morphology of the Si surface
as seen from the SEM. For [H,O] =46 M and 48 M, the
features on the etched Si evolves from microporous Si
with craters (y =0.7 and 0.75, Fig. 3d, e), to macropores
with deep pores (y=0.75 and 0.80, Fig. 3f), and then to
SiNWs (y = 0.85). For [H,O] =50 M, the evolution of the
Si surface is slightly different: from polished Si (y=0.7),
to macropores with deep pores (y=0.75), to micropor-
ous Si with craters (y=0.8-0.85), and then to SiNWs
(x=0.9). In contrast with the work of Chiappini et al.
[15], SiNWs on top of a porous Si film for 0.7 < y < 0.95
were not observed, and SiNW-only structures were ob-
tained in a larger y range (y=0.85 instead of y>0.95).
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These differences were most likely due to the variations
in the amount of deposited AgNPs, etching time, H,O
concentrations, and HNOj3; and HF post-etch treatments.

The Si morphologies obtained can be explained in
terms of both current density at the Ag—Si interface and
Ag" ion-induced etching [15, 17, 31, 38]. The formation
of SiNWs at high y values (20.85 or 0.9) can be attrib-
uted to microporous Si formation at low current dens-
ities with subsequent dissolution of the microporous Si
by polishing [31, 38]. A similar mechanism was most
likely responsible for the formation of macroporous Si
with deep pores at lower y values, except that the higher
current densities at the pore end resulted in oxide for-
mation and subsequent hole diffusion [31], resulting in
the shallow macropores at the top surface. Such hole
diffusion is expected to be particularly significant for
highly doped p-type Si because of the positive Schottky
barrier height that pulls injected holes away from the
metal-Si interface [40]. It is also possible that the rela-
tively high [H,O,] to [HF] ratio led to significant Ag
dissolution, which in turn resulted in the low density of
deep pores in the Si substrate. On the other hand, the
appearance of microporous Si with craters at y=0.7—
0.85 indicates the occurrence of low current densities in
this y range, which is consistent with the observation of
Chartier et al. [31] Moreover, concomitant porosification
of Si by Ag" ions is also expected to occur in this
regime. The formation of SINWs at a higher y value for
the most dilute etchant (50 M H,O) is consistent with
the observation of Chiappini et al. [15] that higher etha-
nol concentrations favor the formation of porous and
polished Si rather than SiNWs. These results could be

-

Samples were etched in HF-H,0, for 30 min

Fig. 3 SEM images of the Si surface etched in solutions with H,O concentrations of a 46 M, b 48 M, and ¢ 50 M and HF-H,0O, molar ratios of (i)
0.7, (i) 0.75, (iii) 0.8, (iv) 0.85, (v) 0.9, (vi) 0.95, and (vii) 0.99. d-g High-magnification SEM images of the samples in a (i), (ii), (iii), and (vii), respectively.
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due to the slow diffusion of reactants to the nanostruc-
ture base due to the low HF and H,O, concentration
gradients along the Si nanostructure depth. In this case,
the impact of etching at the tips becomes relatively
significant and deep pores could not be formed by the
metal particles.

It should be noted that for relatively low values of y
(<0.8), the morphology throughout the Si surface was
not uniform (see Additional file 1: Figure S3). For [H,O] =
50 M, non-uniform etching also occurred for y=0.85. In
all cases, a uniformly etched surface was obtained only
when SiNWs were formed. For non-uniformly etched
surfaces, sections with homologous morphologies tend to
occur at about the same general location from the center
of the sample. The non-uniform etching dynamics at dif-
ferent areas of the sample can be explained by the increase
in the concentration of dissolved catalyst ions in the solu-
tion and their subsequent diffusion to and re-nucleation
on other areas of the sample. This was facilitated to a
certain extent by the concurrent outward diffusion of H,
bubbles as the Si was etched.

At a very high y value (0.99), a very dense array of fine
SiNWs was obtained, leading to a black sample surface
(see Additional file 1: Figure S3a—c(vii)). However, many
of these SiINWSs had slanting sidewalls and some lateral
pits, both of which occur near the base (Fig. 3g) and at
long etching times (Additional file 1: Figure S4d). A
number of bumps where nanowire formation terminated
prematurely can also be seen. Such features were prob-
ably caused by the depletion of H,O, in the etching
solution that led to different rates of sinking of various
portions of the AgNP film. As the Ag network disinte-
grated, some AgNP or small Ag film sections began
etching in horizontal <100> directions.

Etching Kinetics of Si Nanostructures During MACE

The variation of etch rate with y for different [H,O] values
is shown in Fig. 4. The apparent etch rate of the nano-
structures generally increases with y and peaks at y = 0.95,
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after which the etch rates drop significantly. This trend is
true irrespective of the [H,O] and the morphology of the
Si nanostructure. However, [H,O] can be seen to have
considerably affected the magnitude of the etch rates, with
the magnitude increasing for decreasing [H,O] values (i.e.,
more concentrated etchants). Figure 4b shows that the
etch rate at the tip greatly decreased after y=0.85 for
[H,O] =46 and 48 M and after y = 0.9 for [H,O] =50 M.
On the other hand, Fig. 4c shows that the etch rate at the
base considerably increased at y=0.85 and 0.9 for the
46 M H,O etchant but only slightly for the 48 and 50 M
H,O etchants. The etch rate at the base remained high at
X =0.95 but decreased significantly at y = 0.99.

From the trends in etch rates at the tip and base of the
Si nanostructures, it can be determined that the increase
in SINW length for [H,O] =46 M was mainly due to the
acceleration of etching at the base, while the lengthening
of the SiNWs for [H,O] =48 and 50 M were primarily
dictated by the suppression of etching at the tips. Fur-
thermore, the trend of the overall nanostructure etch
rate is not exactly the same as the trend of the etch rate
at the base. In particular, the y value where the peak etch
rate at the base occurs and the y value where the great-
est nanostructure height is achieved are not the same
(0.9 versus 0.95, respectively) due to the competing ef-
fect of tip etch rate.

The y value where the peak SiINW length occurred
(0.95) is close to that obtained by Qi et al. [21] (y=0.91)
for a highly doped n-type Si substrate. The initial de-
crease in tip etch rate occurring near y = 0.85 is consist-
ent with the observed morphological evolution of the Si
surface wherein low hole diffusion and Ag re-nucleation
allowed the formation of SINWs at y > 0.85. The almost
concurrent drop in tip etch rate and jump in base etch
rate at around y =0.85 means that holes and Ag" ions
that previously diffused away from the etching front at
lower x values were now being constrained at the base
due to the inhibition of oxide formation at the Ag-Si
interface. At the same time, the increased [HF] at higher
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Fig. 4 Apparent etch rates observed after 30 min of etching in solutions composed of different HF-H,0, molar ratios and H,O
concentrations. a Etch rate of the Si nanostructures based on the resulting length. b, ¢ Etch rate of the bulk Si with respect to the tip
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x values accelerated Si dissolution, leading to an increase
in the Ag penetration rate. Since both [HF] and [H,O,]
decrease when [H,O] increases for a given y value (see
Additional file 1: Table S1), the decrease in etch rate at
the tips and base for higher [H,O] values is expected.
The smaller increases in base etch rate between y = 0.85
and 0.95 for [HyO] =48 and 50 M are due to the slower
diffusion of reactants through the SINW length for more
dilute etchants.

At x=0.9, the etch rate at the base is maximal due to
the optimal rates of hole injection by H,O, and Si dis-
solution by HF. Below this value, [HF] is the rate-
determining factor as dissolution of oxidized Si is not
fast enough; above this value, [H,O,] determines the
reaction rate as the number of injected holes is too low.
This depletion of H,O, in the solution explains why the
etch rate at the base starts to decrease at y=0.95 and
steeply drops at y=0.99. Such dependency of the etch
rate on both [HF] and [H,O,] was observed previously
[21] and implies that both reactant concentrations
should be considered in any expression for the reaction
rate of MACE of Si. On the other hand, a maximum
value for y is not apparent from the tip etch rate. In-
stead, the tip etch rate is mainly determined by [H,O5,].
Since etching at the tip of the Si nanostructures can be
mainly attributed to metal ion re-nucleation and hole
diffusion, this correlation is reasonable as higher [H,O,]
values with respect to [HF] lead to greater concentrations
of mobile Ag" ions [15, 17] and injected holes [31, 32].

Evolution of SiINW Length with Time for Different Etchant
Compositions

The length of SiNWs is an important parameter in photo-
voltaic [2], energy storage [6], sensing [41], and thermo-
electric applications [4]. In order to fabricate SINWs of a
specified length, the temporal variation of the SINW
length was determined for etchants with y=0.9, 0.92,
0.95, and 0.98 and [H,O] =46, 48, and 50 M. For these
experiments, the AgNP deposition time was increased to
10 min to minimize lateral pitting in the SINWs fabricated
with long etch times (see Additional file 1: Figure S4a—c).
Likewise, the highest y value utilized was 0.98 because
SiNWs with slanting sidewalls and lateral pits were ob-
tained for y=0.99 even with a AgNP deposition time of
10 min (see Additional file 1: Figure S4d).

Figure 5a shows that the length of the formed SiNWs
increases with the MACE reaction time, consistent with
observations in previous studies [14, 16-19, 21, 23].
However, it can be seen that the increase in SiINW
length diminishes over time, i.e., the etch rate is decreas-
ing (see Additional file 1: Figure S5a), which could be
due to increasing etch rates at the SINW tips or decreas-
ing etch rates at the base or both. Figure 5d shows in-
creasing tip etch rates over time for y=0.92 and 0.95,
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with the increase being more pronounced in the former
(see Additional file 1: Figure S5b). This indicates an
increasing amount of re-nucleated Ag at the SINW tips,
which is expected to be more significant for lower y
values. On the other hand, Fig. 5e shows that at etch
times greater than 5 min, the etch rate at the SINW base
was almost constant for y=0.9 and 0.92 but decreasing
for y=0.95 and 0.98 (see Additional file 1: Figure S5c).
The latter was probably due to impeded diffusion of re-
actants to the SINW base caused by the longer diffusion
lengths (SINW lengths were longer for y = 0.95 and 0.98)
and depletion of H,O, in the etching solution.

It should be noted from Fig. 5 that at y=0.9, the
evolution of length with time is erratic because of the
non-monotonic trend of the etch rate at the tip (see
Additional file 1: Figure S5b). This may be due to differ-
ing amounts of re-nucleated Ag as more mobile Ag"
ions were generated. Nevertheless, lower y values have
the advantage of forming defect-free SINWs (Fig. 5b) as
higher y may result in some lateral pits, as shown in Fig. 5¢
for x=0.98. The trend of the overall etch rates and etch
rates at the tip and base of the SiNWs with respect to y
mirrors those observed in Fig. 4. However, it can be seen
in Fig. 5e that y=0.92, which is not included in Fig. 4,
actually results in a higher base etch rate than y =0.9.

The SiNW length also increases with etch duration for
more concentrated (46 M H,0) and dilute (50 M H,O)
etchants, as shown in Fig. 6a. Likewise, the etch rate
decreases with etch time for all H,O concentrations
used (see Additional file 1: Figure S6a). Figure 5d, e
show that, while the etch depth at the tip and base of
the SiNWs both increase with time, the amount of
increase at the tip is almost constant but that at the base
is decreasing (see Additional file 1: Figure S6b, c). These
trends are consistent with those observed for y =0.95 in
Fig. 5 and Additional file 1: Figure S5. Hence, for y=
0.95, the increase in the amount of re-nucleated Ag at
the SINW tips with time is negligible, while the increas-
ing SINW lengths progressively hampers reactant diffu-
sion to the SiNW base. Figure 6 also shows that
regardless of the etching time point, lower [H,O] gener-
ally results in more etched Si, similar to what was
observed in Fig. 4. However, Fig. 6b, ¢ show that low
[H,O] solutions may result in some lateral pitting in the
SiNWs whereas high [H,O] solutions do not. This could
be due to fast etching at sites with re-nucleated Ag
particles for low [H,O] etchants.

Fabrication of Highly Doped SiNWs with Controlled
Porosity

SiINW porosity is another key parameter in SiINW-based
devices [5, 16, 27, 29], making its controlled formation
during SiNW fabrication highly important. The degree
of porosity of SINW's fabricated using two-step MACE is
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directly related to the H,O, concentration [14-17, 20],
etching time [14, 16, 17, 20], and temperature [20] and
inversely related to the HF—H,0O, volume ratio [19] and
wafer resistivity [17]. In our Ag deposition experiment,
SiNW porosity was also found to be directly related to
the amount of deposited Ag. However, the extent of
SINW porosification cannot be easily tuned without
affecting other parameters. For example, length and
porosity are expected to vary together if one of them is
adjusted using either [H,O5], etch time, or temperature.
If a SINW of a specific length needs to have higher por-
osity, the [H,O,] can be increased, but the etch duration
needs to be decreased as higher [H,O,] may have a
higher etch rate. This raises the question of whether the
desired porosity can still be achieved given the shorter
etch time.

Here, the extent of SINW porosification caused inde-
pendently by y and [H,O] was compared for y=0.92,
0.95, and 0.98 ([H,O] fixed at 48 M) and [H,O] = 46, 48,
and 50 M (y fixed at 0.95). The SINW length was fixed
at 20 pm by using different etch durations based on the
etch rate of the respective etchant composition (see
Additional file 1: Table S2). The porosity, in general, was
found to be inversely related to y and directly related to

[H,O], as shown in Fig. 7a—c and Fig. 7d, b, e, respect-
ively. (The trends are more apparent in Additional file 1:
Figure S7 where more samples are shown.) Comparing
the SiNWs for y =0.95 and y = 0.98 (Fig. 7b, c), the sam-
ples for x=0.95 appear to have a higher pore density
and most are surrounded by a thin porous shell [14, 17].
Meanwhile, for y=0.98, some SiNWs appear to be
rough and solid rather than porous, which indicates a
much lesser degree of porosification. On the other hand,
the overall porosity obtained for y=0.92 (Fig. 7a and
Additional file 1: Figure S7a) appears to depart from the
expected trend. While some SiNWs have a porous shell,
others seem to be only roughened although to a higher
extent compared with those for y = 0.98. In contrast, the
increase of porosity with [H,O] is more consistent.
Although no rough solid SiNWs were obtained for
[H,O] =46 M, highly porous SiNWs were formed for
[H,0] =50 M unlike in the case of y =0.92.

The higher SiNW porosity obtained for y=0.95 than
x=0.98 is consistent with the fact that metal re-
nucleation, metal ion-induced etching, and hole diffu-
sion are higher for lower y values. It also shows that the
longer etch time utilized for y=0.98 to obtain 20-pm
long SiNWs did not overcome the porosification caused
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by the etchant y value. The seemingly lesser degree of
porosification for y=0.92 could not have been due to
the difference in etch time as a longer etching period
was utilized for it than for y=0.95. It is possible that
more porous SiINWs were actually obtained for y =0.92;
however, due to the very high porosity, HF-H,O, etch-
ing of porous Si both at the surface and inside the pore
walls resulted, leading to the rapid collapse of the porous
shells [42] and subsequent exposure of the less porous Si
surface underneath. That more porous SiNWs were
obtained for higher [H,O] values confirms that etch dur-
ation has a significant effect on porosity [14, 16, 17, 20].
(Note the large differences in etch times in Additional
file 1: Table S2 for different [H,O] values.) The high
degree of porosity obtained for 50 M H,O without the
collapse of the porous shell could be due to minimized
HF-H,0, etching inside the pore walls because of the
lower diffusion rate of reactants in dilute etchants.
Examination of the surface roughness along the length
of the SINWs reveals the characteristic increase in por-
osity from the base to the tip of highly doped SiNWs
fabricated with MACE [16, 19], as shown in Fig. 7f-k
(also in Additional file 1: Figure S8). The increase in por-
osity towards the tip of the SINWs is due to the longer

exposure time of these portions in the etchant solution
[19]. Figure 6f—k and Additional file 1: Figure S8 also
show that the SiNWs are tapered, with the tapering
being more severe in SiNWs which are more porous
(Fig. 7i-k and Additional file 1: Figure S8a—c). This is
expected considering that porosification is directly
related to the amount of dissolution of the metal catalyst
at the SINW base [15, 17]. However, a closer look at the
SiNWs reveals that some nanowires exhibit a slightly
biconic or hourglass longitudinal profile, which seems to
occur more often among those with higher porosity.
Likewise, more porous SiNWs generally have larger di-
ameters than the less porous ones (see Additional file 1:
Figure S7). In order to achieve highly porous SiNWs
with smaller diameters, it might be necessary to use a
more inert catalyst like Au [32].

Based on the results obtained here, porosity control in
highly doped SiNWs of a given length is possible
through the use of the appropriate etchant composition.
To achieve low porosity, it is best to use high y values as
rough solid nanowires could be obtained. To achieve
highly porous SiNWs, on the other hand, the use of
dilute etchants with moderate y values (=~0.95) is advis-
able as this avoids the disintegration of the porous shell
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also applies to the images in a-d and f-j, respectively

Fig. 7 TEM images of fabricated SiNWs with a length of =20 um showing the variation of porosity at the middle section with a-c HF-H,0, molar
ratio and d, b, ¢ H,O concentration. a-c HF-H,0, molar ratio of the etchant was 0.92, 0.95, and 0.98, respectively, with [H,O] =48 M. d, b, ¢ H,0
concentration of the etchant was 46, 48, and 50 M, respectively, with HF=H,O, molar ratio = 0.95. TEM images of SINWs with f-h low and i-k
high porosity corresponding to those shown in ¢ and e, respectively, but including the f, i top and h, k bottom sections. The scale bar in e and k

which occurs in etchants with low x values. It is conceiv-
able that lower porosities could be achieved using an
etchant of both high y and low [H,O] values and higher
porosities using an etchant of both (slightly) lower y and
high [H,O] values. In the case of low-porosity SiNWs,
the maximum y and minimum [H,O] values would
probably be dictated by the values where considerable
lateral pitting occurs. On the other hand, for high-
porosity SiNWs, the minimum y and maximum [H,O]
values would be determined by the values where the
porous shell dissolves and the SINW structures are lost,
respectively. These methods can be combined with our
earlier finding of porosity control via the amount deposited
Ag in order to obtain a wide range of SINW porosities.

Conclusions

Porous SiNWs were fabricated from degenerately doped p-
type Si substrates using metal-assisted chemical etching in
HF-H,0, with electrolessly deposited Ag catalyst. The
effect of Ag deposition time, etchant HF—H,0O, molar ratio,
and etchant H,O concentration on the morphology and
etch rate of the Si nanostructures was systematically
studied. It was shown that there is an optimal amount of
deposited Ag particles necessary to form damage-free
SiNWs. Furthermore, the amount of deposited Ag particles
affects the SINW etch rate in a non-monotonic manner
and provides an additional mechanism to control the
porosity of the resulting nanowires. Likewise, the etchant
composition has a significant effect on the resulting
nanostructures. There is an appropriate y window within
which uniform SiNW arrays can be formed. For H,O con-
centrations between 46 and 48 M, this y range is 0.85-0.98;
more dilute etchants increase the minimum y due to
sluggish etching at the SINW base. The formation of Si

nanostructures during Ag-catalyzed chemical etching is a
result of the competing effects of different factors, namely,
deposited Ag-catalyzed Si dissolution, re-nucleated Ag-
catalyzed Si dissolution, hole diffusion, and reactant diffu-
sion through etched pores, as reflected by the etching
kinetics at the tip and base of the Si nanostructures. These
factors result in a gradually decreasing etch rate over time,
with re-nucleated Ag-catalyzed etching being dominant for
low x values and impeded diffusion being more pro-
nounced for high y values. These mechanisms can be
exploited to control the porosity of SINWs of the same
length fabricated with different etch times. In particular,
suppressing Ag re-nucleation and hole diffusion using
higher y values can effectively decrease pore density, while
more controlled porosification can be achieved using dilute
etchants owing to slower reactant diffusion and longer etch
times. Since the general mechanism of Ag- and Au-
catalyzed MACE of Si is similar [11, 33, 35], the findings of
this study may also apply to porous SiNW's fabricated with
Au metal catalyst, except that metal ion-induced etching is
expected to be greatly suppressed and hole diffusion acts as
the main mechanism of porosification and tip etching.

Additional file

Additional file 1: Supplementary information. Details on etchant composition
and etch durations used, method for determining the thickness of etched bulk
Si, visual appearance of Si samples after etching, SEM images of SINWs
fabricated using high HF-H,O, molar ratios, graphs of SINW etch rates versus
time, and additional TEM images of SINWs showing varied porosity.

Abbreviations

AgNP: Ag nanoparticle; DI: Deionized; MACE: Metal-assisted chemical
etching; SEM: Scanning electron microscopy; SINW: Silicon nanowire;
TEM: Transmission electron microscopy; x: HF—oxidant molar ratio


dx.doi.org/10.1186/s11671-017-2156-z

Vinzons et al. Nanoscale Research Letters (2017) 12:385

Acknowledgements
Not applicable.

Funding

This research was financially supported by the General Research Fund of the
Research Grants Council of Hong Kong SAR, China (CityU 11213115 and
CityU 11200814), the National Natural Science Foundation of China (Grant
51672229), and the Science Technology and Innovation Committee of
Shenzhen Municipality (Grant JCYJ20160229165240684). Financial support
was also received through a grant from the Shenzhen Research Institute, City
University of Hong Kong, and a grant from City University of Hong Kong
(CityU 7004703).

Availability of data and materials
The datasets supporting the conclusions of this article are included within
the article and its additional file.

Authors’ contributions

LUV designed and performed the experiments, analyzed the data, and wrote
the manuscript. LS assisted with the experiments. SY assisted with the SEM
and performed the TEM. CYW, LLHC, and JCH reviewed the manuscript. All
authors read and approved the final manuscript.

Authors’ information
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Electronic Engineering, City University of Hong Kong,
Kowloon, Hong Kong. “Department of Physics and Materials Science, City
University of Hong Kong, Kowloon, Hong Kong. *Shenzhen Research
Institute, City University of Hong Kong, Shenzhen 518057, People’s Republic
of China. “Department of Biology and Chemistry, City University of Hong
Kong, Kowloon, Hong Kong. *Center for Biosystems, Neuroscience, and
Nanotechnology, City University of Hong Kong, Kowloon, Hong Kong. ®State
Key Laboratory of Millimeter Waves, City University of Hong Kong, Kowloon,
Hong Kong.

Received: 13 April 2017 Accepted: 19 May 2017
Published online: 02 June 2017

References

1. Xie C, Nie B, Zeng L, Liang F-X, Wang M-Z, Luo L et al (2014) Core-shell
heterojunction of silicon nanowire arrays and carbon quantum dots for
photovoltaic devices and self-driven photodetectors. ACS Nano 8:4015-4022

2. LiY,LiM,LiR FuP,Chul, Song D (2015) Method to determine the optimal
silicon nanowire length for photovoltaic devices. Appl Phys Lett 106:091908

3. Weisse JM, Marconnet AM, Kim DR, Rao PM, Panzer MA, Goodson KE et al (2012)
Thermal conductivity in porous silicon nanowire arrays. Nanoscale Res Lett 7:554

4. Lee KY, Brown D, Kumar S (2015) Silicon nanowire arrays based on-chip
thermoelectric generators. [EEE Trans Compon Packag Manuf Technol 5:
1100-1107

5. Ge M, Rong J, Fang X, Zhou C (2012) Porous doped silicon nanowires for
lithium ion battery anode with long cycle life. Nano Lett 12:2318-2323

6. Thissandier F, Pauc N, Brousse T, Gentile P, Sadki S (2013) Micro-ultracapacitors
with highly doped silicon nanowires electrodes. Nanoscale Res Lett 8:1-5

7. Ren J-G,Wang C, Wu Q-H, Liu X, Yang Y, He L et al (2014) A silicon
nanowire-reduced graphene oxide composite as a high-performance
lithium ion battery anode material. Nanoscale 6:3353-3360

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

Page 11 of 12

Wu L, Li S, He W, Teng D, Wang K, Ye C (2014) Automatic release of
silicon nanowire arrays with a high integrity for flexible electronic
devices. Sci Rep 4:3940

Shehada N, Cancilla JC, Torrecilla JS, Pariente ES, Bronstrup G, Christiansen S
et al (2016) Silicon nanowire sensors enable diagnosis of patients via
exhaled breath. ACS Nano 10:7047-7057

Xie C, Liu J, Fu T-M, Dai X, Zhou W, Lieber CM (2015) Three-dimensional
macroporous nanoelectronic networks as minimally invasive brain probes.
Nat Mater 14:1286-1292

Huang Z, Geyer N, Werner P, de Boor J, Gosele U (2011) Metal-assisted
chemical etching of silicon: a review. Adv Mater 23:285-308

Han H, Huang Z, Lee W (2014) Metal-assisted chemical etching of silicon
and nanotechnology applications. Nano Today 9:271-304

Zhang M-L, Peng K-Q, Fan X, Jie J-S, Zhang R-Q, Lee S-T et al (2008)
Preparation of large-area uniform silicon nanowires arrays through metal-
assisted chemical etching. J Phys Chem C 112:4444-4450

QuY, Liao L, Li Y, Zhang H, Huang Y, Duan X (2009) Electrically conductive
and optically active porous silicon nanowires. Nano Lett 9:4539-4543
Chiappini C, Liu X, Fakhoury JR, Ferrari M (2010) Biodegradable porous
silicon barcode nanowires with defined geometry. Adv Funct Mater 20:
2231-2239

Lin L, Guo S, Sun X, Feng J, Wang Y (2010) Synthesis and
photoluminescence properties of porous silicon nanowire arrays. Nanoscale
Res Lett 5:1822

Zhong X, Qu Y, Lin Y-C, Liao L, Duan X (2011) Unveiling the formation
pathway of single crystalline porous silicon nanowires. ACS Appl Mater
Interfaces 3:261-270

Hung YJ, Lee SL, Wu KC, Pan YT (2011) Realization and characterization of
aligned silicon nanowire array with thin silver film. IEEE Photonics J 3:617-626
Balasundaram K, Sadhu JS, Shin JC, Azeredo B, Chanda D, Malik M et al
(2012) Porosity control in metal-assisted chemical etching of degenerately
doped silicon nanowires. Nanotechnology 23:305304

Wu'S, Zhang T, Zheng R, Cheng G (2012) Facile morphological control of
single-crystalline silicon nanowires. Appl Surf Sci 258:9792-9799

Qi 'Y, Wang Z, Zhang M, Yang F, Wang X (2013) A processing window for
fabricating heavily doped silicon nanowires by metal-assisted chemical
etching. J Phys Chem C 117:25090-25096

Liu K, Qu S, Zhang X, Wang Z (2013) Anisotropic characteristics and
morphological control of silicon nanowires fabricated by metal-assisted
chemical etching. J Mater Sci 48:1755-1762

Weidemann S, Kockert M, Wallacher D, Ramsteiner M, Mogilatenko A,
Rademann K et al (2015) Controlled pore formation on mesoporous single
crystalline silicon nanowires: threshold and mechanisms. J Nanomater 16:171
Huang Z, Fang H, Zhu J (2007) Fabrication of silicon nanowire arrays with
controlled diameter, length, and density. Adv Mater 19:744-748

Choi WK, Liew TH, Dawood MK, Smith HI, Thompson CV, Hong MH (2008)
Synthesis of silicon nanowires and nanofin arrays using interference
lithography and catalytic etching. Nano Lett 8:3799-3802

Chang S-W, Chuang VP, Boles ST, Ross CA, Thompson CV (2009) Densely
packed arrays of ultra-high-aspect-ratio silicon nanowires fabricated using
block-copolymer lithography and metal-assisted etching. Adv Funct Mater
19:2495-2500

Hochbaum Al, Chen R, Delgado RD, Liang W, Garnett EC, Najarian M et al
(2008) Enhanced thermoelectric performance of rough silicon nanowires.
Nature 451:163-167

Qu'Y, Zhong X, Li Y, Liao L, Huang Y, Duan X (2010) Photocatalytic
properties of porous silicon nanowires. J Mater Chem 20:3590-3594
Wang F-Y, Yang Q-D, Xu G, Lei N-Y, Tsang YK, Wong N-B et al (2011)
Highly active and enhanced photocatalytic silicon nanowire arrays.
Nanoscale 3:3269

Peng F, SuY, Ji X, Zhong Y, Wei X, He Y (2014) Doxorubicin-loaded silicon
nanowires for the treatment of drug-resistant cancer cells. Biomaterials 35:
5188-5195

Chartier C, Bastide S, Lévy-Clément C (2008) Metal-assisted chemical etching
of silicon in HF-H202. Electrochim Acta 53:5509-5516

Lee DH, Kim Y, Doerk GS, Laboriante |, Maboudian R (2011) Strategies for
controlling Si nanowire formation during Au-assisted electroless etching. J
Mater Chem 21:10359-10363

Peng KQ, Hu JJ, Yan YJ, Wu Y, Fang H, Xu Y et al (2006) Fabrication of
single-crystalline silicon nanowires by scratching a silicon surface with
catalytic metal particles. Adv Funct Mater 16:387-39%4



Vinzons et al. Nanoscale Research Letters (2017) 12:385 Page 12 of 12

34, Li G, Fobelets K, Liu C, Xue C, Cheng B, Wang Q (2013) Ag-assisted lateral
etching of Si nanowires and its application to nanowire transfer. Appl Phys
Lett 103:183102

35. Smith ZR, Smith RL, Collins SD (2013) Mechanism of nanowire formation in
metal assisted chemical etching. Electrochim Acta 92:139-147

36. Fang H, Wu Y, Zhao J, Zhu J (2006) Silver catalysis in the fabrication of
silicon nanowire arrays. Nanotechnology 17:3768

37. Tsujino K, Matsumura M (2005) Boring deep cylindrical nanoholes in silicon
using silver nanoparticles as a catalyst. Adv Mater 17:1045-1047

38. Geyer N, Fuhrmann B, Leipner HS, Werner P (2013) Ag-mediated charge
transport during metal-assisted chemical etching of silicon nanowires. ACS
Appl Mater Interfaces 5:4302-4308

39. Lee C-L, Tsujino K, Kanda Y, Ikeda S, Matsumura M (2008) Pore formation in
silicon by wet etching using micrometre-sized metal particles as catalysts. J
Mater Chem 18:1015-1020

40. Lai RA, Hymel TM, Narasimhan VK, Cui Y (2016) Schottky barrier catalysis
mechanism in metal-assisted chemical etching of silicon. ACS Appl Mater
Interfaces 8:8875-8879

41, Qiu T, Wu XL, Shen JC, Ha PCT, Chu PK (2006) Surface-enhanced Raman
characteristics of Ag cap aggregates on silicon nanowire arrays.
Nanotechnology 17:5769

42. Sato N, Sakaguchi K, Yamagata K, Fujiyama Y, Yonehara T (1995) Epitaxial
growth on porous Si for a new bond and etchback silicon on insulator. J
Electrochem Soc 142:3116-3122

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Background
	Methods
	Results and Discussion
	Silver Catalyst Deposition and Formation of Porous SiNWs
	Etchant Composition and Morphological Evolution of Si Nanostructures
	Etching Kinetics of Si Nanostructures During MACE
	Evolution of SiNW Length with Time for Different Etchant Compositions
	Fabrication of Highly Doped SiNWs with Controlled Porosity

	Conclusions
	Additional file
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Authors’ information
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	Author details
	References

